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Summary 

We demonstrate an essential role for the p rot ea some 
complex In two proteolytic processes required for acti- 
vation of the transcription factor NF-kB, The p105 pre- 
cursor of the p50 subunit of NF-kB is processed in vitro 
by an ATP-dependent process that requires protea- 
somes and ubiquitin conjugation. The C-terminal re- 
gion of p105 is rapidly degraded, leaving the N-ter- 
minal p50 domain. p105 processing can be blocked in 
intact cells with inhibitors of the proteasome or in 
yeast with proteasome mutants. These inhibitors also 
block the activation of NF-kB and the rapid degrada- 
tion of IkBo induced by tumor necrosis factor a. Thus, 
the ubiquitin-proteasome pathway functions not only 
in the complete degradation of polypeptides, but also 
in the regulated processing of precursors into active 
proteins. 

Introduction 

The transcription factor nuclear factor kB (NF-kB) regu- 
lates a variety of genes involved in the imm une and inflam- 
matory responses. For example, NF-kB is.required for the 
expression of the immunoglobulin light chain k gene, the 
interleukin 2 receptor a chain gene, the class I major histo- 
compatibility complex (MHC) gene and a number of cyto- 
kine genes such as those encoding interleukin 2, interleukin 
6, granulocyte colony-stimulating factor, and interferon-f} 
(IFNp) (reviewed by Baeuerle, 1991; Liou and Baltimore, 
1993; Grilli et al., 1993). Similarly, NF-kB has been impli- 
cated in the expression of the cell adhesion genes that 
encode E-selectin r ICAM, and VCAM-1 (reviewed by Col- 
lins, 1993). Finally, a connection between the role of NF- 
kB in the immune response and the replication of the hu- 
man immunodeficiency virus (HIV) was provided by the 
observation that NF-kB specifically binds to the HIV en- 
hancer/promoter (Nabel and Baltimore, 1987). 
' NF-kB was initially characterized as a heterodimeric 
complex consisting of a p50 (NF-kB1) and a p65 (RelA) 
subunit (Baeuerle and Baltimore, 1 989; Ghosh et al. ( 1 990; 
Kieran etah, 1990; Nolan et ai., 1991; Ruben etal., 1991). 
The activity of NF-kB is highly regulated. In most cells, 
the p50 and p65 subunits of NF-kB form an inactive cyto- 
plasmic ternary complex with the inhibitor protein IkBcl 
(Baeuerle and Baltimore, 1988). IkBcx masks the nuclear 
localization sequences of p50 and p6S (reviewed by Beg 



and Baldwin, 1993). kBa is rapidly degraded in response 
to a large number of extracellular signals, such as lipopoly- 
saccharides, phorbol esters, and tumor necrosis factor a 
(TNFa), and this step is obligatory for the activation of 
NF-kB (Beg et al. f 1993; Brown et al., 1993; rtenkel et al., 
1993; Mellits et al. f 1993; Sun et al., 1993). After degrada- 
tion of kBct, NF-kB translocates into the nucleus and acti- 
vates gene expression. 

The p50 subunit of NF-kB is generated by the proteolytic 
processing of a 105 kDa precursor protein (p105), and 
this processing is also regulated (Fan and Maniatis, 1991 ; 
Blank et ai., 1991; Mellits et aJ., 1993; Mercurio et al., 
1993). The C-terminus of p105 (p105C) contains ankyrin 
repeats and bears a striking resemblance to IkB<z (Bours 
et al., 1990; Ghosh et al., 1990; Kierah et al., 1990). In 
fact, the lymphoid cell-specific IkBy protein is identical 
to p105C r (Inoue et ai., 1992). However, this protein is 
generated by either alternative splicing or promoter usage. 
Significantly, unprocessed p1 05 can associate with p65 
and other members of the Rel family to form inactive p1 05- 
p65 cytoplasmic complexes (Capobianco 9t al., 1 992; Rice 
et al., 1992; Mercurio et al., 1993). Processing of p105 
results in the production of p50, which can form the tran- 
scriptionally active p50-p65 heterodimer. The C-terminal 
lK8a-hornologous sequence of p105 is rapidly degraded 
upon processing (Fan and Maniatis, 1991). Recent studies 
suggest that phosphorylation precedes cytokine-stim- 
ulated processing of p105 and degradation of iKBa (Beg 
et al., 1993; Brown et al., 1993; Mellits et ai., 1993; Sun 
et al., 1994). However, neither the signal transduction 
pathways leading to NF-kB activation nor the mechanisms 
of IkScl inactivation or p105 processing are understood. 

The p50 subunit of NF-kB is generated by processing 
of p105 in vivo and in vitro (Fan and Maniatis, 1991). The 
requirements of the in vitro processing reaction suggested 
that the ATP-dependent protease complex (e.g M protea- 
some), the ubiquitin-mediated (Ub-mediated) protein de- 
gradative pathway, or both are involved in p105 pro- 
cessing (Fan and Maniatis, 1991). The Ub-dependent 
pathway plays an important. role in the complete degrada- 
tion of abnormal and short-lived regulatory proteins (for 
reviews of the Ub-dependent pathway, see Goldberg, 
1992; Hershko and Ciechanover, 1992; Rechsteineretal., 
1993). This pathway requires ATP and the covalent conju- 
gation of target proteins with multiple Ub molecules (re- 
viewed by Hershko and Ciechanover, 1992; Jentsch, 
1992). In this multistep process, Ub is first activated by 
the enzyme E1, and the activated Ub is then transferred 
to one of a number of different Ub-conjugating enzymes 
(E2s) that catalyze the formation of an isopeptide bond 
between the C-terminai glycine of Ub and the s-amino 
group of lysine residues on target proteins. For many pro- 
teins, the conjugation to Ub also requires a specific Ub- 
protein ligase (E3). The monoubiquitinated substrate then 
undergoes further ubiquitinations via the lysine residue at 
position 48 on the Ubs, leading to the formation of multiUb 
chains (Chau et al., 1 989) that target proteins for degrada- 
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Rgure 1. ATP Is Required for the Proteolytic Processing of the P 105 
Precursor In Vitro 

and the proteins were separated by8»JK 

<A> Apyrase inhibits the processing of p60Tth. Lane i ts uw 

SSJSk- inched in the absen ce o. J 

2-4. P60T* was incubated with HeLa cell S100 T M . pbu s 

was incubated without or with 10 U of apyrase at 30'C : tar 30 mm 

J"es 3 and 4, respective*) prior to the 

?i£ 3) Reaction mixtures in lanes 1 and 2 contained 1 mM ATP. 
The processing reaction in lane 3 received 2 mM ATPyS. 



tion by the 26S (1500 kDa) proteasome complex (Gold- 
berg, 1 992; Hershko and Ciechanover, 1992). 

The 20S (600 kDa) proteasome particle (mult.catalyt c 
protease) comprises the catalytic core of the 26S particle 
Lan et al.. 1989; Matthews et al., 1989; Dnscoll and 
Goldberg. 1990). The proteasome is highly conserved and 
taprM in the cytoplasm and nucleus of a.. eukaryoUc 
cells. By itself, the 20S proteasome is unable to degrade 
ubiquitinated proteins, but through an ATMepjjnA^ 
mechanism, it associates with other components to to rn 
the 26S proteasome complex capable of hydrolyzing Ub- 
conjugated proteins (Eytan et a.., 1 989; Driscoll and Gold- 

be D 9 esp?e°extensive studies in mammalian cells and yeast 
(Jentsch. 1992), thus far. only a few cellular targets of the 
Ub-dependent pathway have been identified. Recently, 
this pathway was shown to catalyze the generator , o an* 
genie peptides from cytoplasmic proteins for Presentation 
on MHC class I antigen molecules (Q*"^^.^ 
1992- Gaczynska et al.. 1993; Michalek et al.. 1993. Rock 
et al ' 1994 phis issue of Caff)). We carried out experiments 
to determine whether the Ub-proteasome pathway is also 
involved in the ATP-dependent proteolytic processing of 
D105 We show here that the proteasome complex is re- 
quired for P 105 processing, and that this process requires 
Ub In addition, we show that proteasome inhibitors ; block 
the rapid degradation of IkBo. and the activation of NF-kB 



upon TNFa induction. We conclude that the ATP^epern 
dent proteasome complex plays a novel and essential role 
in the regulation of NF-kB activity. 

Results „ 

ATP Is Required for P 1 05 Processing 
The P 105 protein and the truncated version. pSOTth. can 
be produced by in vitro translation in a wheat germ extract 
and' hen' processed to P 50 in a HeLa cel. cytop asrn,c 
extract (S100) or in reticulocyte lysates (Fan and Mamat s 
1991). Both ATP and Mg«* were shown to be required for 
this reaction. We confirmed the requirement for ATP by 
sholg that processing reactions treated I with apyrase 
to destroy ATP are unable to generate P 50 from P 60Tth 
(Figure 1 A). The p60Tth protein was used in these experi- 
ments because it is efficient* translated in v,«ro to gener- 
atetheprimarilyfull-lengthpolypeptide.Bycontrast,pl05 

isinefficientlytranslated.anda^ 
termination products, degradat.on products, or both are 
generated. Therefore, it is difficult to. visualize the pro- 
cessing of P 1 05 by SDS-polyacrylamide gel electrophore- 

InTo^hesized P 60T«h mRNA was translated in a 
wheat germ extract to generate [*S)methionihe-p60 pro- 
tein This protein was then incubated in the presence or 
absenceofHeLacellSIOOextractandwasimmMnopruap. 

itated with an anti-p50 antibody, and the ^unoprw 
tate was analyzed by SOS-PAGE. In the .absence or the 
S100 extract, little if any P 50 was observed (Figure^ A 
lane 1) However, when the P 60Tth translation reaction 
whicn contains some ATP) was incubated with the 3100 
extract for 60 min, mature P 50 was detected ^ 
I 3). and its production was stimulated by the adcht on 
of exogenous ATP (Figure 1A. lane 2). The same result 
was obtained when the reactions were immunopreap,- 

recognizes the Myc tag at the N-term.nus of p60Tth (Fan 
and Maniatis. 1991). Thus, the P 50 was ge nerated by a 
proteolytic cleavage nearthe C-terminus of p60T *. &™ 
iar results were also observed when full-length P 10o was 
used!nSe reactions; however, the amount of processing 

Siqnificantly. the formation of P 50 was not observed if the 

to remove any residual ATP left in the wheat germ extrac 
FiquTe 1 A lane 4). In addition, when the p60Tth precursor 

ence of calf intestinal phosphatase, which also "ydrolyzes 
ATP, the formation of P 50 was not observed (data not 

Sh To n test whether ATP hydrolysis is necessary for pro- 
cessing, the reaction was carried out in the presence of 
the nonhydrolyzable analog ATP7S. As expected, pro- 
cessing of P 60Tth in the HeLa cel. S100 extract wa ob- 
served in the presence of ATP (Figure 1B. lane 2). By 
contrast, no processing was observed in the presence of 
ATPyS (Rgure 1 B. lane 3). Although ,t is poss.ble that the 
ATP is required for a phosphorylation event, we found 
J,at a panel of protein kinase inhibitors had no effect on 
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Figure 2. Ub Is Required for the Processing of NF-kB1 
Different amounts of reticulocyte fraction (Tract.) II (in the presence 
lp,us sign] and absence of 7.5 ug of Ub) were used in an ,n v*» 
processing reaction with p60Tth as the substrate (lanes 2-5). In ac- 
tion HeLa ce» SI 00. either alone (lane 6) or supplemented with two 
different amounts (2.5 or 5.0 ug> of recombinant mutant UbR48 protein 
flanes 7 and 8) or wild-type Ub protein (ubwt, lanes 9 and 10), was 
added to P 60Tth in a processing reaction. Lane 1 is the control (Mock) 
incubated in the absence of either cytoplasmic extract. 
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processing (data not shown). Thus, it is likely that ATP 
hydrolysis is required for the processing reaction itself. 
Significantly, a series of ladder-like bands was observed 
above the unprocessed p€0Tth band in the presence of 
ATPyS (Figure 1 B, lane 3). This finding suggests Ub liga- 
tion to this protein since ATPyS supports the ubiquitination 
of proteins, but blocks proteasome-dependent degrada- 
tion of ubiquitinated proteins (Scheffneretal., 1992). Thus, 
by uncoupling these processes, ATPyS causes the accu- 
mulation of ubiquitinated intermediates. These observa- 
tions and the inhibition of processing by EDTA, hemin, 
and N-ethylmaleimide (Fan and Maniatis, 1991) strongly 
suggest that the Ub-proteasome pathway is required for 
p105 processing. 

p105 Processing Requires Polyublquitination 
To test whether Ub is essential for p105 processing, we 
fractionated reticulocyte lysate to produce fraction II (Dris- 
coll and Goldberg. 1990), which contains proteasomes 
and many Unconjugating enzymes but only low amounts 
of Ub. Incubation of the p60Tth protein with low amounts 
of fraction II and ATP led to th e generation of low levels of p50 
(Figure 2, lanes 2 and 3). These preparations of fraction II 
probably contain some Ub. Accordingly, the addition of 
Ub to fraction II significantly stimulated the formation of 
p50 (Figure 2, lanes 4 and 5). 

The rapid degradation of proteins by the Ub pathway 
requires the formation of polyUb chains where Ub moieties 
are linked to Lys-48 on other Ubs (Chau et al.. 1989; 
Hershko and Ciechanover, 1992; Jentsch, 1992). Mutant 
Ub proteins that contain an arginine at position 48 rather 
than a lysine do not form these Ub chains (Chau et al., 
1989). The UbR48 mutant protein can therefore serve as 
a trans-dominant inhibitor of this degradation pathway. 
Thus we compared the effects of wild-type Ub and the 
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Figure 3. Proteasomes Stimulate the Processing of p60Tth In Vitro 

(A) Processing of p60Tth in proteasome-depieted and -enriched ex- 
tracts HeLa ceil S100 was centrifuged for 6 hr at 100,000 x g to 
remove proteasomes. The pSOTth precursor was inc ubated wUh butter 
(Mock lane 1). HeLa cell S1 00 (lanes 2). or proteasorne-depleted HeLa 
cytoplasmic extract <Pr, lanes 3). In lanes 4 and 5. - the proleasome- 
enriched pellet from the ultracentrif ugatlon step was added to the sub- 
strate in the presence and absence of Pr. respectively. 

(B) Purified proteasomes stimulate the processing of p60Tth. Increas- 
ing amounts of purified 20S and 26S proteasomes (26/20S, lanes 
4-6) or 20S proteasomes (lanes S-1 0) from rabbit muscle were added 
in combination with p60Tth and Pr extract in a processing reaction. 
In lanes 7 and 1 1 . a mixture of 20S and 26S proteascmes and homoge- 
neous 20S proteasomes, respectively, was added to P 60Tth in the 
absence of any HeLa Pr extract. Lane 1 is the mock-treated control, 
lane 2 is the HeLa S10O-posiHve control, and lane 3 is the p60Ttn 
processing reaction with the Pr extract. 



R48 variant on the processing of p6dTth (Figure 2. lanes 
&-10). Both Ub forms were expressed in Escherichia coli 
with an N-terminal His-6 tag so that they could be easily 
purified using NP-NTA chromatography (Beers and 
Cailis, 1993). The addition of wild-type Ub to fraction II 
increased the formation of p50 (see above) and did not 
affect processing in HeLa S100 extract (Figure 2, lanes 
9 and 10). presumably because Ub is not limiting in this 
extract. However, the addition of UbR48 to the HeLa S100 
extract (Figure 2, lanes 7 and 8) or to reticulocyte fraction 
II (data not shown) significantly decreased the amount of 
p50 generated from p60Tth. Furthermore, in the presence 
of UbR48, a single band was observed migrating immedi- 
ately above full-length pSOTth. This band is probably owing 
to the addition of a single UbR48 moiety to the substrate 
protein. Notably, the degradation of '»l-lysozyme in reticu- 
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locvte fraction II or HeLa cytoplasmic extracts was inhib- 
Sl)bR46. while degradationof Ub--l-lysoryme con- 
uga^ was not affected, indicating that UbR48 does no 
ofock processing by inhibiting proteasome activity but 
raSer by blocking Ub conjugation (data not shown) We 
2 L P 6?Tth is conjugated to multiple Ub chains 
in a fashion similar to the Ub conjugation of other sub- 
strates for the Ub-degradative pathway. 

The Proteasome Is Required for P 105 P'** 3 *'^ 

Th« multicatalvtic 26S protease complex requires ATP 
I^ S^ me degradation of Conjugated proteins 
"see above). Because generation of P 50 requires ATP and 
he formation of polyUb chains, we exam.ned whether 
p1 05 processing requires the 26S proteasome. Protea- 
LrneswereremcvedfromtheHeLacellcytopasmicSlOO 

by differential centrifugation at 100,000 x fl <or 6hr ™e 
resulting proteasome-depleted supernatant (Pr) con a ns 
a "eX P .eve.o« proteasome activity, while the pe«et is 
enriched in proteasomes (Hegde et al., 1993 • As ex- 
ited significant amounts of P 50 were generated when 
incubated with the HeLa S100 extract (Figure 
3A lane 2), but removal of the proteasomes by centrifuga- 
tion resulted in the loss of processing activity (Rj™ 3*- 
lane 3). Significantly, when the proteasome-nch pellet was 
added back to the supernatant, processing act.vity was 
restored (Figure 3A. lane 4). Interestingly, some p60Tth 
precursor was processed when incubated w.th the resus- 
pended pellet alone (which contains some contaminating 
ELonjugating activity), but to a lesser extent than when 
incubated with the reconstituted extract (F.gure 3A. com- 
pare lanes 4 and 5). Thus, the proteasomes are not suffi- 
cient for full processing activity, and other factor(s) in the 
Pr extracts are required for maximal activity (see below). 
Additional evidence for the involvement of the proteasome 
in P 105 processing was provided by the observat on that 
the processing activity in ,he pe.let was lost when the pro- 
teasomes were specifically immunodepleted rom the 
fraction with an anti-human proteasome monoclonal anti- 
body (data not shown). 

After incubation of the p60 substrate in the P'Oteasome- 
depleted extract (Figure 3A. lane 3). we observed ladder- 
like bands larger than full-length pSOTth and similar to 
hose seen in Figure 1B (lane 3). When a large excess 
of Ub is added to the reaction with Pr. the number and 
formation of these bands significantly increase (data not 
shown) Presumably these bands are ubiquitinated forms 
of the precursor protein that accumulate in the Pr extract 
because otthe lack of proteasome activity. In add.tion, 
glutathione S-transferase-Ub (-P-GST-Ub) town 
protein (Scherfner et at., 1993) is conjugated to p60Tth 
Ling a processing reaction with Pr (data not shownl 
These results suggest that ubiquitiriation is a P^equisae 
for p105 processing and thatthe proteasome must remove 
these polyUb chains during the proteolytic processing 
©vGnt 

Additional evidence for the involvement of the protea- 
somein the processing of pSOTth was obtained by incubat- 
ing p60Tth with increasing amounts of a purified mixture 
of 20S and 26S proteasomes (Figure 3B, lanes 4-6) or 



pure 20S proteasomes (Figure 3B, lanes 8-10) in the Pr 
extract. Both preparations were capable of restonng pro- 
cessing activity to the proteasome-depleted extract. In ad- 
dition, a highly purified preparation of 26S proteasomes 
stimulated the formation of P 50 when mixed with Pr ex- 
tract in a processing reaction (data not shown). However. 
P 50 production was not observed when the precursor was 
incubated with purified proteasomes alone (Figure 3b 
lanes 7 and 11). Thus, as described above for the pelle 
fraction (Figure 3A, lane 5), factor(s) in the Pr extract 
are also required for the proteasomes to process p60Ttn, 
presumably to allow Ub conjugation to the precursor pro- 
teins. It is interesting that processing was.observed in the 
Pr extract with 20S proteasomes, which by to*™™** 
cannot degrade Ub-conjugated proteins (Goldberg, 1992). 
However, the combination of 20S proteasomes w.th fac- 
tors in the proteasome-depleted extract should allow for- 
mation of the 26S complex that acts on Unconjugated 
proteins. Accordingly, the addition of 20S proteasomes to 
the Pr extract significantly enhanced the degradation of 
Ub- ,a l-lysozyme conjugates (data not shown). 

Inhibitors of the Proteasome Block p105 
Processing In Vitro and In Vivo 

To obtain further evidence for the involvement of the pro- 
teasome in the formation of p50 in vitro and in vivo we 
examined the effects of proteasome inhibitors on P 105 pro- 
cessing. A series of peptide-aldehydes. MG101 (N-ace- 
tyl-leucinyl-leucinyl-norleucinal-H. also called LLnL). 
MG1 1 5 (carbobenzoxyMeucinyl-leucinyl-norvalinal-H . 
also called Z-LLnV). and MG132 (carbobenzoxyl-leu- 
cinyWeucinyl-leucinal-H. also called Z-LLL). have been 
shown to be potent inhibitors of the chymotryptic site on 
the 20S particle. These inhibitors have different dissocia- 
tion constants (Ks) against the 20S proteasome (MG101. 
140 nM; MG115, 21 nM; MG132, 4.0 nM) (Rock et al 
1994) Previous studies have shown that MG101, which 
is also calpain inhibitor I, can inhibit the proteolytic activity 
of the proteasome (Visnitsky et al., 1992). MG1G1 and 
MG11 5 can also reduce the degradation of Ub-conjugated 
proteins in extracts (Rock et al.. 1994). In addition, these 
inhibitors can block the degradation of long- and short- 
lived proteins inintactcellsaswellastheproteplytlcgener-. 
ation of antigenic peptidespresentedonMHQ^classlmole- 
cules (Rock et al.. 1994). We therefore analyzed whether 
these peptide-aldehyde inhibitors of the proteasome. as 
well as other protease inhibitors, can block the processing 

0< BothMG1 15 and MG132 (at 20-40 uM) markedly inhib- 
ited the formation of P 50 in HeLa S100 extracts (Figure 
4A, lanes 8-13). By contrast, a less potent ^™° r °! 
proteasome function, MG101 (Visnitsky et al., 199.?; Rock 
eta! i994).hadonly avery weakeffecton the processing 
of P 60Tth by HeLa S100 (Figure 4A, lanes 5-7) As re- 
vealed by quantitating the data on a Phosphorlmager. 
none of the other protease inhibitors tested significantly 
affected p105 processing. These other inhibitors ; include 
calpain inhibitor II (Figure 4A, lane 4). E64 (lane 1 4), 4-<2- 
aminoethvO-benzenesulfonyl fluoride (AEBSF. lane 15^ 
leupeptin (lane 16). Na-p-tosyl-L-phenylalan.ne chloro- 
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Ftgure 4. Inhibitors of the Proteasome Block 
the Formation of p50 In Vitro and In Vtvo 
(A) In vitro analysis. Lane 1 is the p60Tth mock 
control incubated without HeLa extract. HeLa 
cell S100 was added to p60Tth in the absence 
(lane 2) or presence of different inhibitors 
(lanes 4-20) in a processing rt»action. The type 
and amount of inhibitor are listed above each 
lane. Lane 3 is the DMSO (0.4% final) buffer 
control. 

Abbreviations: contrl, control; inhib. inhibitor 
and chymtrpsn, chymotrypsin. 
(8) In vivo analysis. COS cells were transfected 
with vector alone (Control, lane 1) or with a 
human pi 05 expression construct (lanes 2-6). 
After transfection (48 hr). calpain inhibitor II 
(lane 4). MG101 (lane 5), and MG115 (lane 6) 
were added to the ceils for 1 hr at a concentra- 
tion of 50 nM. The cells were then pulse- 
chased with (-Slmethionine-pSlcysteine. 
and the cell proteins were imrnunoprecipitated 
with anti-p50 antibody and analyzed by SDS- 
PAGE. Inhibitors were present throughout the 
entire pulse-chase period. Lane 2 is the 20 
min pulse. 0 hr (Oh) chase pi 05 control. In the 
vector control (lane 1) and the p105 controls 
(lanes 2 and 3). the cells were pretreated with 
0.25% DMSO, the inhibitor olluent. The radio- 
labeled band present in lane 2 that is slightly 
larger than p50 could be either a short-lived 
intermediate of the processing reaction or it 
could be nonspecific since, in a subsequent 
experiment. anti-p50 antibody failed to immu- 
noprecipitate this protein. 
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methyl ketone (TPCK, lane 17), chymostatin (lane 18), and 
chymotrypsin inhibitors I (lane 19) and II (lane 20). In con- 
trast with the reports on intact cells by Henkel et al. (1993) 
and Mellits et al. (1993), TPCK in our experiments had no 
"effect on processing in vitro. Surprisingly, ubiquitinated 
forms of p60Tth were not seen when the proteolytic activity 
of the proteasome was blocked with the inhibitors MG1 15 
and MG132. This may be a consequence of the isopep- 
tidase activity associated with the 26S proteasome, 
which hydroiyzes multiUb chains. This activity has been 
shown to be unaffected by these inhibitors (D. Hwang and 
A. L. G., unpublished data). 

To determine whether these inhibitors can block p105 
processing in vivo, we transfected monkey COS cells with 
a human p105 expression plasmid, and 48 hr after trans- 
faction, we treated the cells with various inhibitors for 
1 hr or with dimethyl sulfoxide (DMSO) as a control. The 
cells were then pulse labeled with p*S]methionme- 
[*S]cysteine for 20 min, followed by a 2 hr chase period. 
Cell lysates were imrnunoprecipitated with anthpSO anti- 
body and the proteins were separated by SDS-PAGe. 
When the cells were examined after the pulse label, the 



p105 precursor was easily detected, but only low levels 
of radiolabeled p50 were present (Figure 48, lane 2). After 
the chase period, the level of p 105 decreased, but a signifi- 
cant amount of P 50 was now detected (Figure 4B, lane 
3) as reported previously (Fan and Maniatis, 1991). The 
addition of calpain inhibitor II (N-acetyMeucinyl-leucinyl- 
methional-H. also called LLM) to the cells had no effect 
on the processing of p1 05 (Figure 4B, lane 4). This inhibitor 
is also a peptide-aldehyde, but it has only a slight effect 
on proteasome function (Rock et al., 1994) and on p105 
processing in vitro (Figure 4A, lane 4). However, the pro- 
teasome inhibitors MG101 and MG115 dramatically 
reduced the amount of p30 (Figure 48, lanes 5 and 6, re- 
spectively). MG1 15 at 50 nM completely blocked the pro- 
cessing of pi 05, while MG1 0 1 inhibited it by approximately 
70% Suprisingly,MG101 had a greater inhibitory effect on 
P 105 processing in intact cells than in extracts (compare 
Figure 4B, lane 5 with Figure 4A, lane 5, respectively), as 
was also observed for overall protein breakdown and for 
antigen presentation (Rock et al.. 1994). In a similar experi- 
ment we examined the effects on p105 processing of the 
very potent proteasome inhibitor MG 132 and the cyste- 
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RgureS. Processing of p105 in S. cerevisiae Requires the Prote- 
ST^Hyp. VW071 <F«f) (lanes - ^ 

for 0 hr (Oh, lanes 1 , 3. 7. and 9). 1 hr <1h. lanes 4 and U J 
arated by SDS-PAGE. 



ine protease inhibitor E64 (L-transepoxysucc.n.c a«d). 
MG132 (5 m completely blocked the formation of p50 
during the 2 hr chase period (data not shown), while E64 

^^01 efficacy of MG101. MG115, and 
MG132 on P 105 processing agrees with their re.at.ve abih- 
L to inhibit the hydrolysis of hydrophobe peptides, ca- 
se* and ubiquitinated proteins with the 26S proteasome 
Sock e?al , 1994; R. Stein, unpublished data). Although 
these aldehydes also inhibit calpain and lysosomal ca- 
hepsin theiiree have similar Ks (5-1 2 nM) against these 
Sne proteases, which is in contrast with their very 
S nt ejects on proteasomes (Rock et a... 1994 and 
p1 05 processing. Moreover, the lysosomal enzymes and 
Salpains are inactivated by E64 and calpa.n mh.b.tor II, 
both of which had no effect on P 105 processing. Conse_ 
quen.ly, these peptide-aldehydes must be blocking P 105 
processing by inhibiting proteasome function. 



p105 Processing in Yeast Requires 
the Proteasome _ 
The proteasome is highly conserved in all eukaryotes (Ja- 
nata et ai 1992). and a number of mutants in the pro- 
teasome and the Ub pathway have been identified and 
characterized in Saccharomyces cerevisiae. We tested 
whether human p105 protein can also be processed .n 
yeast, and if so. whether the proteasome is required for 
this activity. Therefore, the P 105 cDNA was inserted into 



a yeast expression vector, and the recomb nant pjasnud 
was introduced into a wild-type yeast strain CW071 
^Sn Seufert and Jentsch. 1992). A pulse-chase analy- 
S^SSUp. ^ain revealed «.P«^SSS 
relationship between P 105 and a protein of J^SrtS 
50 kDa (Figure 5. lanes 1-6). DNA b.nd.ng stud.es m h 
lac^from these cells «^ ™J^»™ 
binds specifically to NF-kB s.tes. In 
cessed protein can stimulate the tran^pt^ of a reporter 
gene containing four NF-KB-bind.ng 
•howni Thus the p50 produced in yeast is functional. A 
ca^ caparison of the electrophoretic mobility of the 
P 50 generated in yeast revealed that it is *PP™^ 
2 kDa smaller than that produced in mammalian cells, The 
somewhat smaller size of the yeast P 50 prote.n cou d be 
STto differences in the properties of the yeast degrada- 
te yslem. Alternative* , the structure of P 105 pioduort 
nveastmaydiffer from that produced in mammal.an cells 
and t"s difference could expose - alternate pro lyl 
cleavage site. This difference in size could also be due 
^osttranslationa. modification in mammal.an cells that 

som s"Z gene, which inhibits the c^otryp^ke 
Sty of the proteasome. are defective .n the rapid degra- 
dSo abnormal and short-lived proteins (He.nemeyer 
et al 1 991 • Seufert and Jentsch. 1992). The degradat.on 
o such Jo ypePtides is achieved via the Ub-dependent 
oathway and requires the Ub-conjugating enzymes (E2s). 
hbS Ind UBC5 (Seufert and Jentsch. 1990). When a 
s«^ 

mutant (YW074 strain; Seufert and Jentsch, 19J2 . the 
Toce sed P 50 was barely detectable (Figure 5 anes 
7 12) Furthermore, when the steady-state levels of p105 
and P 50 were measured in these strains by Western blot- 
ng anal's. very little P 50 was detected in the , pre mu 
»«nt veast com P ared with the levels in the w.ld-type PRE1 
TJ*T*«»« shown). However, the levels of p106 m 
Sse strains were comparable. Similarly, the amounts of 

dramatically decreased in the mutant pre* strain com 
pared with that in the wild-type strain. We conclude that 
me proteasome is required for p105 processing -n yeast, 
as in. mammalian cells. 

Proteasome Inhibitors Biock the Inducible 
Degradation of IkB«x in Mammalian Cells 
An important feature of P 105 P^TZ^ST^t 
cells (Fan and Maniatis, 1991). .n vttro an d I in yeas 
!! ! p "ndT. M..un P ubr.sheddata),isthattheC-term,nal 
L of oTos (pioko) is rapidly degraded during the prc- 
du tt d psa The striking similarities between the struc- 
trXncL. and instability of P 105C< and '^a suggest 
n S sim lar mechanisms may be involved in the.r degrada- 
Therefore, we determined whether the proteasome 
s also involved in the rapid degradat.on of IkBq. 
,S Previous studies have shown that TNFa induces ; *e 

etal 1993; Brown et al.. 1993; Henkel et al.. 1933. Me'i.ts 
eta!'.'. 1993: Sun et al.. 1993. 1994). To determme whether 



'Role of the Proteasome in NF-kB Atfivatioj 
779 



TNF-a 



0' 2' 5' 15' 30' 



-iKBa 



Figure 6, Proteasome Inhibitors Block TNFa- 
Stimulated Degradation of IkBq 
Human MG-63 ceils were pretreated with 
DMSO (0.125%) (A) or the proteasome inhibi- 
tor MG115 (50 hM) (B) for 1 hr. The cells were 
then treated with TNFa (1000 U/mi) for 6 min 
(lanes 1 and 2), 2 min (lane 3), 5 min (lane 4), 
15 min (iane 5). and 30 min (lane 6). In lane 1 . 
the cells did not receive DMSO (A) or MG115 
(B). The degradation of IkBo was followed by 
Western blot analysis of whole-cell lysates us- 
ing an iKBa-specific antiserum. IkBq is indi- 
cated by an arrow, and the phosehorylated 
form of IkBcx (upper band of doublet) can be 
seen In (B), lanes 5 and 6. 
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proteasome inhibitors can prevent the degradation of 
| K Ba we preincubated human MG-63 cells with or without 
the inhibitors MG115 (Rgure 6) or MG 1 32 (data not shown) 
for 1 hr prior to TNFa treatment. The level of l>cBa was 
then followed as a function of time by Weste rn blot analysis 
using an iKBa-specific antiserum (Beg et a!., 1993). As 
previously described, kBa is rapidly degraded within 15 
min after the addition oi TNFa (Figure 6A, lanes 1-6). In 



striking contrast, the proteasome inhibitors MG 1 1 5 (Figure 
6B, lanes 1-6) and MG132 (data not shown) completely 
blocked the degradation of iKBa in response to TNFa. The 
cysteine protease inhibitors E64 and calpain inhibitor U 
had no effect on the degradation of IkBc (data not shown). 
Significantly, MG132 (data not shown) and MG115 ap- 
peared to stabilize the phosphorylated form of UBa that 
appeared in response to TNF (note the appearance of a 
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Figure 7. Inhibitors of the Proteasome Block 
TNFcx-Stimulated Activation o! NF-k13 
HeLa (lanes 1-6 and 13-18) or MG-63 (lanes 
7-1 2) cells were pretreated with medium (lanes 
7 and 10). 0.125% OMSO (lanes 1. «. 13. and 
16) 50 nM calpain inhibitor (inhib.) II (lanes 2, 
5. 14. and 17), 50 |iM E64 (lanes 8 and 1 1). or 
50 nM MG115 Canes 3. 6, 9. 15. an^f) 
for 1 nr. Cells were then treated with TNFa 
(1000 U/ml) (lanes 4-6 and 10-12) or iFNy 
(1000 U/ml) {lanes 16-18) for 30 and 60 mm. 
respectively. Whole-cell extracts were pre- 
pared and analyzed by electrophoretic mobility 
shift assay. The PROII probe containing the 
NF-tcB-binding sites from, the human 1FN& 
gene was used to measure NF-kB binding ac- 
tivity, and a -127 to -109 probe from the IFN 
regulatory factor 1 gene was used to measure 
GAF DNA binding activity. 



doublet in Figure 68 at 15 and 30 min) (Beg et al 1993). 
Treatment of these extracts with calf intestinal phospha- 
tase converted the upper band of the doublet to the lower 
band (data not shown). Consistent with earlier observa- 
tions Beg et al.. 1993; Brown et al.. 1993; Mell.ts et a 
1993; Sun et al.. 1994), this result suggests tha IkBo is 
phosphorylated prior to its degradation. We conclude that 
the proteasome is involved in P 105 processing and possi- 
bly in TNFo-induced degradation of IkBo. 

Proteasome Inhibitors Block NF-kB Activation 
In Mammalian Cells 

The results presented thus far indicate that the pro- 
teasome is required for both mechanisms of NF-kB 
activation: the processing of p105, which generates the 
active P 50-p65 heterodimer of NF-kB, and the complete 
degradation of IkB<x. which is necessary for the trans- 
location of NF-kB into the nucleus, where it stimulates 
gene expression (Beg and Baldwin. 1993; Gr.ll. et al.. 
1993) To directly demonstrate that the proteasome is 
required for NF-kB activation, we measured the effects 
of the peptide-aldehyde inhibitors of the proteasome on 
NF-kB activation using a DNA binding assay. HeLa and 
MG-63 cells were pretreated with these different inhibitors 
for 1 hr prior to treatment with TNFa or IFNy. NF-kB and 
v-activated factor (GAF) (Sims et al.. 1993) DNA-b.nd.ng 
activities were measured in whole^ell extracts using an 
electrophoretic mobility shift assay. Very little NF-kB or 
GAF DNA-binding activities were present in the extracts 
from uninduced cells (Figure 7, lanes 1-3. 7-9. 13-1 5^ 
Treatment of cells with TNFa (Figure 7. lanes 4-6. 
10-12) resulted in a large stimulation of NF-kB binding 
activity. This activation was unaffected by the cysteine 
protease inhibitors calpain inhibitor II and E64 (Figure 7. 
ianes 5 and 1 1 . respectively). By contrast, the PWteasome 
inhibitors MG115 (Figure 7, lanes 6 and 12) and MG132 
(data not shown) almost completely blocked the activation 
of NF-kB by TNFa in HeLa and MG-63 cells. In addition, 
we found that the activation of NF-kB by double-stranded 
RNA was also blocked by proteasome inhibitors (data not 
shown). Significantly, none of the inhibitors tested had any 



effect on GAF induction by IFNy (Figure 7. lanes 16-18). 
We conclude that inhibitors of proteasome function 
specifically block NF-kB induction. 

Discussion 

Mechanisms of NF-kB Activation _ contia , 
We have shown that the proteasome plays an essential 
role in two distinct mechanisms for the activation of NF-kB 
(Figure 8). In the first mechanism, an inactive ternary com- 
plex consisting of NF-kB heterodimers and IkBo is acti- 
vated by the inducible degradation of kBa. Our results 
show that the rapid postinduction degradation of kBa is 
blocked in vivo by proteasome inhibitors. In the second 
mechanism, the inactive heterodimer consisting of p 05 
and p65 is activated by the proteolytic processing of p 05 
to generate the active P 50-p65 heterodimer. The IkB- ike 
C-terminal region of P 105 is rapidly degraded dur.ng this 
processing reaction. We have shown that, in vitro, the 
generation of p50 requires the proteasome and the tarna- 
tion of polyUb chains. In addition, we have shown that 
D105 processing in vitro and in vivo is blocked by protea- 
some inhibitors. As shown in the model of Figure S these 
proteasome inhibitors can block both pathways o NF-kB 
activation. Thus, it may be possible to completely block 
the physiological effects of a number of cytpkines since 
the activation of NF-kB is a common stepln many different 
cytokine^Jependent signal transduction l»thways. 

The two pathways of NF-kB activation illustrated in the 
model of Figure 8 could be regulated by the phosphor, a- 
tion of IkBo and P 105. by the activation of specific Ub- 
conjugatingenzymes.bytheactivationoftheproteasome 

or by a combination of these mechanisms. Evidence for 
the first possibility is provided by the observation that both 
| K Ba and P 105 are rapidly phosphorylated in response to 
inducers of NF-kB in vivo and that NF-kB can be activated 
by phosphorylation in vitro (Shirakawa and M.zel. 1989, 
Ghosh and Baltimore. 1990; Beg et al.. 1993; Brown et 
al 1993; Mellits et al.. 1993; Sun et al.. 1994). Although 
a "number of studies suggest a role for phosphorylation ,n 
the activation of NF-kB (Neumann et al.. 1992; Frantz et 
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Figure 8. Rote of the Proteasome in Two Different Pathways of NF-kB 
Activation 

The transcriptional activity of heterodlmers consisting <>|^ and one 
of many Rel family proteins, such as p65. can be r^uUMd » « ea * 
M o mechanisms. First, the heterodimers assocate w.* IkBo to form 
an inactivetemary complex. Second. p65a^.ates w.thplOSto torn 
inactive complexes. Both complexes remain localized 
ptasm. The mode, shown here fo, NF-kB activation .s consent „m 
all the information available, but some aspects of the 
yet been directly tested. According to this model, a vanety of 
tar signals or a viral Infection activates signal transduction paU^s) 
that lead to the phosphorylation of IkB. and P 105. Th.s mod.ftcaUon 
may provide a recognition signal for ubiquitination. We have demon- 
strated that ubiquitination ol pi 05 is required for the subsequent steps 
in the processing pathway, but we have not shown that <* W»™ 
of IkBq is a prerequisite for its degradation. In the next step of the 
model, the C-terminus of the ubiquitinated P 105 is degraded to gener- 
ate the P S0 subunit of the P 50-p6S heterodimer. In parallel. IkBo 
is degraded, which results in the appearance of funct.onal p50-p65 
heterodimers. We have shown that the proteasome is requ.red for 
P 1 05 processing and that proteasome inhibitors block the <^'^ n 
of IkBcu Whether the proteasome degrades IkB Q as .t ,s bound to 
NF-kB or whether it does so after it dissociates remains to be estab- 
lished. 



al 1994), there is no direct evidence that phosphorylation 
is required for pl05 processing or for the degradation of 
| K Ba(Henkeletal., 1993). 

In this paper, we show that the ubiquitination of p105 
and possibly IkBo. are required for NF-kB activation. We 
do not know whether phosphorylation of either IkBo or 
P 105 precedes ubiquitination and, if so, whether phos- 
phorylation in each case is required for this process. The 
latter possibility is suggested by the observation that phos- 
phorylation triggers the Ub-dependent degradation of 
cyclins (O Finley, personal communication). An alter- 
native possibility is that phosphorylation leads to the disso- 
ciation of IkBo. and p105 from their respective complexes 
(Henkel et al 1 993), and this results in their ubiquitination 
and degradation by the proteasome. However, we have 
shown that proteasome inhibitors stabilize a phosphory- 
lated form of IkBo.. and they completely block the activa- 
tion of NF-kB. If phosphorylation of IkBo was sufficient 
forits dissociation from the ternary complex, NF-kB should 
be activated in the presence of proteasome inhibitors. Th.s 
observation suggests that the Ub-proteasome pathway 



may act on the bound proteins rather than on free IkBo 
or p105. 

All of the mechanisms discussed above are based on 
the hypothesis that the initial step in NF-kB activation is 
the phosphorylation of IkBo. and p105. An alternative pos- 
sibility is that the initial step is the activation of specific 
Ub-conjugating enzymes or the alteration of proteasome 
activity. The former possibility is suggested by the obser- 
vation that a specific Ub-conjugating enzyme is involved 
in human papilloma virus-mediated p53 degradation 
(Scheff ner et al., 1 993). An example of the latter possibility 
is the alteration of the proteolytic activity of tha proteasome 
for antigen processing (Qaczynska et al., 1993; Boes et 
al., 1994). 

A Novel Mechanism for Proteolytic Processing 

There are many examples of protein processing in which 
a specific protease cleaves at a short recognition se- 
quence to generate discrete peptide cleavage, products 
(Barr, 1991). By contrast, the processing of p10S involves 
the complete degradation of the C-terminal 55 kDa of p105 
to generate a stable 50 kDa N-terminal fragment (p50) 
{Fan and Maniatis, 1991; V. J. P. and T. M., unpublished 
data). Many studies have implicated the actions of protea- 
some and Ub in the complete degradation of proteins, 
but not in limited proteolysis, which yields active forms of 
proteins. A possible mechanism for the selective degrada- 
tion of the C-terminus of p1 05 is the selective ubiquitination 
of sequences on the C-terminal half of p105. Proteolysis 
would then leave an unubiquitinated N-terminus and 
would result in the complete digestion of the ubiquitinated 
C-terminus. Both IkBo and the C-terminus of p1 05 contain 
PEST-like sequences (Mellits et al.. 1993). an amino acid 
sequence motif believed to target proteins for degradation 
(Rogers et al., 1986). In fact. PEST sequences have re- 
cently been shown to participate in Ub-dependent protein 
breakdown (D. Finley, personal communication). 

We note that the C-terminus of p105 is not only gener- 
ated via a processing reaction, but it can also be generated 
by a separate mRNA in lymphoid cells (Inoue et al., 1992; 
Liou et al., 1992). This latter protein (IkB y /p70) is slightly 
larger than the expected C-terminal proteolytic cleavage 
product, and this size difference could be one reason for 
its greater stability. Alternatively, IkBy could also be stabi- 
lized through an interaction with p50 or p52. Another possi- 
ble explanation for the differences in stability between the 
C-terminus of p1 05 and IkB? is that after proteolytic cleav- 
age, the C-terminal fragment of p105 may have a destabi- 
lizing N-terminal amino acid and is. therefore, rapidly de- 
graded via the Ub pathway by the N-end rule (reviewed 
by Varshavsky, 1992). However, it does not appear likely 
that this mechanism alone is responsible for the rapid deg- 
radation of pl05C\ since full-length P 105 is ubiquitinated 
prior to undergoing proteolytic cleavage. 

Taken together these observations suggest that pios 
processing may not involve proteolytic cleavage at a spe- 
cific site, followed by degradation of the C-terminus. 
Rather, the entire molecule may enter the normal Ub- 
proteasome degradative pathway, but the P 50 terminal 
fragment may be protected from digestion either because 
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of some inherent structural feature or by an association 
with some inhibitory factor. 

Recently, the protease inhibitors TPCK and Na-p-tosyl- 
L-lysine chloromethyl ketone (TLCK) were reported to in- 
hibit the processing of p105 and the degradation of kBa 
and to block the activation of NF-kB (Henkel et ai., 1993; 
Mellits etai., 1993). These compounds, however, are quite 
reactive as alkylating agents, and they have little or no 
effect on proteasome activity (Hough et al., 1987). There- 
fore, they may affect pi 05 processing by either an indirect 
or nonspecific mechanism. In fact, we found that TPCK 
has no effect on the formation of p50 in vitro (Figure 4A). 
In addition, recent studies have shown that TPCK and 
TLCK block the phosphorylation of IkBcl (Mellits et al., 
1993; T. Finco and A. Baldwin, personal communication). 
By contrast, the proteasome inhibitors block the pro- 
cessing of pl05 (Figures 4A and 4B) and the degradation 
of kBa, but do not appear to block the phosphorylation 
of kBa (Rgure 6). Therefore, the effects of the protease 
inhibitors TPCK and TLCK on NF-kB activation appear to 
act upstream from the proteolysis of pl05 and kBa. 

We cannot eliminate the possibility that MG115 and 
MG132 inhibit p105 processing and kBa degradation by 
affecting some unidentified cell enzyme. However, our 
findings in cell-free extracts of a requirement for substrate 
conjugation to multiple Ubs, for the proteasome and for 
ATP hydrolysis, and the failure of p1 05 processing in vivo 
in yeast proteasome mutants indicate that the effect of 
these inhibitors is on the 26S proteasome. Furthermore, 
the present findings are in agreement with the extensive 
biochemical data of Rock et al. (1 994) indicating that these 
peptide-aldehydes block the breakdown of proteins by the 
Ub-proteasome pathway in vivo. 

Proteolytic processing events may also be required in 
signal transduction pathways leading to the activation of 
the transcription factor dorsal in Drosophila. The dorsal 
protein, which is a member of the NF-*cB/Rel family of 
proteins (Grilli et al., 1993). establishes the dorsal-ventral 
pattern of the Drosophila embryo. Similar to the NF-kB- 
kBa interaction, the dorsal protein is complexed to cac- 
tus, an kBa homolog (Geisler et ai.. 1992; Kidd, 1992). 
Significantly, the pe//e gene, which encodes a protein ki- 
nase, is required for nuclear import of the dorsal protein 
(Shelton and Wasserman, 1993). It is possible that this 
kinase phosphorylates cactus, dorsal, or both, resulting 
in the rapid degradation of cactus (Whalen and Steward, 
1993). Because of the striking similarities in the activation 
of NF-kB and dorsal and because of the conservation of 
components of the Ub-proteasome pathway, it seems 
likely that the degradation of cactus in the ventral region 
of the Drosophila embryo requires the proteasome. 

Jn mammalian cells, the HIV1 protease has been shown 
to process the p105 precursor protein to a p45 rather than 
to a p50 protein, both in vitro and in vivo (Riviere et al., 
1991). Thus, the products of HIV1 protease cleavage and 
proteasome-dependent processing are distinct. In intact 
cells, the processing of p105 is a highly regulated event. 
Therefore, the generation of p50 by the HIV1 protease 
may work independently of the proteasome. This protease 
maybe required to increase the amount of NF-kB in H1V1- 



infected cells and thus increase the level of viral gene 
expression (Riviere et at., 1991). 

In addition to NF-kB, a number of eukaryotic transcrip- 
tion factors are regulated by proteolytic processing. For 
example, the two subunits of the general transcription fac- 
tor TFIIA are generated from a single polypeptide in both 
mammalian and Drosophila cells (DeJong and Roeder, 
1993; Ma et al., 1993; Yokomori et al., 1993). tn addition, 
the herpes simplex virus VP1 6 accessory protein, host cell 
factor, which is necessary for activating transcription of 
the herpes simplex virus immediate-early genes, is a 
member of a family of proteins generated by the pro- 
cessing of a single 300 kDa precursor protein (Wilson et 
al., 1993). Another example is the virus-inducible pro- 
cessing of the I FN regulatory factor 2 protein (Palombetla 
and Maniatis, 1992). in this case, IFN regulatory factor 
2, which is a transcriptional repressor, is truncated and 
inactivated by inducers of lFN(i gene expression. A final 
example is provided by the membrane-bound sterol regu- 
latory element-binding protein 1 , which is processed in the 
absence of sterols to generate a transcriptionally active 
protein, while sterols repress transcription by inhibiting 
sterol regulatory element-binding protein 1 processing 
(Wang et al., 1994). At present, it is not known whether 
the proteasome is required for any of these examples of 
proteolytic processing of transcription factors. 

The present finding of the activation of NF-kB by prote- 
asomes demonstrates a new, unexpected role for the 
Ub-proteasome pathway in protein processing and degra- 
dation. In addition, this finding may also have medical ap- 
plications. Because NF-kB plays an essential role in nu- 
merous immune and inflammatory responses, selective 
inhibition of proteasome function may provide a novel ap- 
proach for blocking these processes in disease states. 

Experimental Procedures 

Materials . . 

Ub. leupeptin, TPCK, apyrase. and the fluorogenic peptide succinyl- 
Leu-Leu-Val-Tyr-amidomethyl coumarin (Suc-LLVY-AMC) were all 
purchased from Sigma. Human TNFa, human IFNy. calpain inhib.tor 
II E64 AEBSF and chymostatin were obtained from Boehnnger- 
Mannheim. The proteasome inhibitors MG101. MG115. and MG132 
were gifts from MyoGenics. Chymotrypsin inhibitors I and h were ob- 
tained from Calbiochem. '"Wysozyme and lib-conjugated '*Myso- 
zyme were gifts from O. Coux. Antibodies against the NF-kB subunit 
p50 were prepared as described inThanos and Maniatis (1.992). Antise- 
rum (antibody 21) against kBa (amino acids 5-20) was a gift from A. 
, Baldwin. 

Yeast Strains 

The S, cerevisiae strains used in this work were gifts from S. Jentsch 
and W Seufert. The yeast strains YW071 and YW074 (AM 7a, rws3- 
6200 teu2-3. teu2'112. tys2-801, trp1-1(am), ura3-52) encode a wild- 
type proteasome PRE1 and a mutant pre 7- 1 allele, respectivnly (Heme- 
meyer e* al., 1991; Seufert and Jentsch, 1992). 

Plasmlds 

Human P 105 and a p60Tth deletion construct were as described by 
Fan and Maniatis (1 991 }. The p1 05 constructs were also subcloned into 
the yeast pAONS expression vector (ColiceHi et al., 1989) Bactenal 
expression plasmids for histidine-tagged Ub and UbR48 (from Arabl- 
dopsis thaliana) were from J. Callis (Beers and Callis. 19*3). In the 
mutant, the lysine residue at position 46 has been altered by s.te- 
directed mutagenesis to encode an arginine. 
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Protein Extracts and Purification 

HeLa cell cytoplasmic extract (S100) was described in Fan and Ma- 
niatis (1991). Pr extracts were prepared by uitracentrifuging the S100 
lor 6 hr at 100,000 x g (Hegde et at.. 1993), and the proteasome- 
enriched pellet fraction was resuspended in processing buffer (20 mM 
Tris IpH 7.5], 100 mM KCI). This fractionation was confirmed using 
'*l-tysozyme as a substrate in a degradation assay (Driscoll and Gold- 
berg 1990) The Pr supernatant failed to degrade ia t-lysozyme unless 
it was recombined with proteasomes. In addition, proteasome activity 
in the original S100 and the pellet was demonstrated by hydrolysis 
of the fluorogenic substrate Suc-LLVY-AMC (Driscoll and Goldberg, 
1990) while the Pr supernatant lacked this proteasome activity. Retic- 
ulocyte fraction II (a gift from D. Hwang) was prepared as Scribed 
in Driscoll and Goldberg (1990). Purified rabbit muscle 20S and 26S 
■ proteasomes were obtained from D. Hwang, and purified rabbit muscle 
20S proteasomes were obtained from O. Coux. Highly purified 26S 
proteasomes were a gift from MyoGenics. Histidlne^agged Ub protems 
were expressed in E. coli and were purified using NP-NTA chromatog- 
raphy as described in Beers and Callis (1993). 

In Vitro Processing Assay 

The processing reaction was performed as described in Fan and Ma- 
niatis (1991) with a few modifications. In brief, the pcDNAl P 105 and 
p60Tth constructs were transcribed and translated in vitro with wheat 
germ extract (Promega) in the presence of ["Slmethionine (Amer- 
sham).The pi05/p60Tth substrate proteins (4 pi) in wheat germ extract 
were added to a 25 »1 processing reaction containing 12 mM Tns (pH 
7 5) 60 mM KCI, 3.5 mM MgO,. 1 mM ATP, and 20 mM creatine 
phosphate. HeU cell extract (25-50 ug) or fraction II was then added 
to the reaction mixtures for 1.0-1.5 hr at 30°C. Proteasomes. Ub. 
ATPyS (Boehringer-Mannheim), and various inhtbitors were also 
added to the reactions where indicated. The reactions were then immu- 
noprecipitated with anti-p50 antibody. The immunopreciprtated pro- 
teins were resolved by 7.5% SDS-PAGE. 

Pulse-Chase and Western Blot Analysis 

COS cells were transfected with either the pcDNAl vector or pcDNAl 
pi 05 using the DEAE-dextran method (Fan and Maniatis, 1991). After 
transfection (48 hr). the cells were treated with different inhibitors tor 
1 hr Pulse<hase analysis was performed as described by Fan and 
Maniatis (1991). Cell lysates were immunoprecipitated with anti-p50 
antibody, and the proteins were separated by 8% SDS-PAGE. 

Yeast were transformed with the pAONS vector or pADNS p105. 
Transformants growing exponentially in selective medium were pulsed 
with 200 nCi of Tran»S-label (ICN Biomedicals) for 20 mm and were 
chased with selective medium containing methionine and cysteine for 
different periods of time. Extracts were prepared by vortexing the yeast 
in RlPA buffer (Harlow and Lane. 1988) for 3 min in the presence of 
glass beads. Immunoprecipitation of the lysate with anti-p50 antibody 
and 10% SDS-PAGE analysis is described above. 

Western blot analysis (10% SDS-PAGE) was performed according 
to Fan and Maniatis (1991). 

Electrophoretic Mobility Shift Assay 

Whole-cell extracts were prepared from untreated and cytokine- 
treated MG-63 and HeLa cells that had been pretreated with inhibitors 
'or 1 hr NF-kB binding activity was determined by an electrophoretic 
mobility shift assay, as described in Thanos and Maniatis (1992), using 
the PRDU probe from the IFN& gene promoter. GAF DNA binding 
actrvitywasmeasuredusinga-127to-l09probefromthelFNregula- 

tory factor 1 gene promoter (Sims et al.. 1993). 
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